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Abstract The paper deals with the methodology of computer modeling and simulatimmof
plex markets with electricity and related products. The methodology ismebeasing a parti-
cular configuration of Central European markets with decentralizeihggaghd international
electricity transfers. The modeling approach is based on pure compureerical solution
in discrete state space determined by problems on which the modeledspéagezxpected to
decide—price offered for electricity supplied to various markets, lteak of total power ge-
neration into individual commodities (yearly band, monthly band, spinrésgrve) and setting
bids in auctions for cross-border profiles. Similar approach to deemaking is adopted on
the buyer’s side. Buyers are expected to strive to contract powpliesi|in the way that is most
advantageous for them. The generated state space is then analyzedomsiepts of mathema-
tical game theory. In this way, we obtain a prediction of probable decisibnodeled players
in their market competition. Finally, we present a simplified power systeatést for Central
Europe for year 2009.

Keywords Prediction model, algorithmic game theory, modeling, electricity markets
JEL classification C51, C53, C63, C72

1. Introduction

The paper deals with a methodology of computer modeling ofatex decision pro-
cesses related to commodity markets. The whole topic iepted using a case study
of electricity markets within the Central Europe. The caselyg presents a decision
situation of many strategic players (producers and consg)mmany commodities
(acommodity is an electricity supply following some stamtized conditions, e.g. time
period and time-variant shape of the supply) and many magédced in independent
transmission systems/countries). Every market is unoiedsto be a point of trading
among the local consumer and those producers who are tetlifrdapable to supply
the national network of the consumer. The players/producan supply also the mar-
kets which are geographically distant from their produtptants. In such a case, they
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have to succeed in an auction for network transmission d#g@¢international elec-

tricity network). The mechanism of competing for the traission capacities is a sort
of a multi-object auction and will be referred as the FlonsBé& method (FB auction).
The export and import can influence the market price in eaatieted commodity.

One year is the length of the studied time period. The praguaed consumers
usually contract the supply for the next coming year a lomgtin advance. We differ-
entiate between the year supply contracts (YB, year baskedoamodity) and twelve
month supply contracts (MB, month base load commoditiesg riiddel a particu-
lar region of Central Europe (MCE, Model of Central EuropEpr this reason, the
case-study (based on the MCE model) contains a true infavmabout the existing
producers, the power networks and consumption during tae ye

The modeled power plants have their true technical paramated time variant
disponibility. There are also other variable factors &ffegthe behavior of players
like state of the international transmission system whintit$ the possible supply
between the particular countries. By forecasting of the gear market behavior, we
mean the forecast of all prices of all studied commoditiescdption of the signed
contracts, prices of the international transmission céipa@nd many other statistics,
e.g. demand of coal and gas.

We propose a solution in form of a computer model able to ptedtional beha-
vior of players in given conditions. The proposed methodpls based on analysis
of strategic behavior of market players and on a particuwdacept of game equilibria.
The model design comes from a classical concept of gameythddentification of
players, definition of their strategy sets, definition ofitheility functions and equi-
librium determination. We accept the determined equiliboripoint as a prediction of
probable behavior of the modeled players in reality. All tomtracts are signed de
facto in a single moment and hence we may model the whole gmobk a large and
normal-form strategic game (Myerson 2004).

This large normal-form game (given by its players, straegitility functions and
the equilibrium concept) is too complex to be describedyaitallly (in form of mathe-
matical equations) like in the classical Cournot and Bedraligopoly models (Bier-
man and Fernandez 1998). For this reason, we discretizeothaid of the modeled
problem into discrete strategy s&of playersi € {1,2,...,N}. The final equilibrium
is determined through a numerical computation within theeidite space of profiles
S=S xS x...x.

The correlated equilibrium (CE) proposed by Aumann (1974) later more de-
veloped by Papadimitriou (2005) was chosen as a basic kquiti concept in this
prediction model. CE is a well know game theoretic conceptrading the classical
Nash equilibrium (Nash 1951) with a special synchronizatievice helping the play-
ers to make their decision. A rational player then agreesititaming event (signal)
recommends him the best strategy to choose. This is an dpgosthe Nash equi-
librium (NE), which assumes no communication platform tesw players and their
surrounding environment. The players then prefer to makefuleactions, often lead-
ing to lower common social outcome and misunderstandingiowing our experi-
ence and results, we do believe that a rational player in @@dmpetition (where the

AUCO Czech Economic Review, vol. 4, no. 1 33



M. Hruby, P.Cambala, J. Toufar

rationality is a common knowledge) behaves in the manneoottated equilibrium.
More reasoning for the use of the correlated equilibria Feenbdone in Samuelson
(2004). We use a well known algorithm of finding CE based oadmprogramming
(Viguier et al. 2006). The algorithm determines an uniquewliere the total outcome
is maximized. During our implementation work, the basicaithm was improved to
be more efficient (see Hrgt2008; Hruly andCambala 2008).

1.1 The issue of modeling the electricity markets

The Model of Central Europe (MCE) models a non-trivial mipliayer strategic game
configuration with structured decision-making being madt \& multi-commodity
at the market spread among more countries. The MCE is dekiigmghe Central
European region consisting of Germany, Poland, Slovakigcl® Republic, Austria,
Hungary and Western Ukraine. However, approaches desciibthis paper can be
applied elsewhere.

Cross-border trading with electricity in Europe is conistea by the topology of
the interconnected power system and by capacities of croister transmission lines.
These constraints restrict the possibility to export eleity for some power producers;
at the same time, they effectively restrict some buyerséir tfights to buy electricity
from non-domestic power sources. International trading tmay affect the price in
individual countries. Currently, the allocation of trarisgion capacities is being car-
ried out at coordinated auctions. In the long-term plannihg allocation of transport
capacities is expected to be based on the Flow-Based Me@iadi(sh et al. 2004). So
far, however, operators of Central European networks haveeached an agreement
regarding the introduction of this method for the year 200%e current develop-
ment indicates that either this date will be shifted to 20d.that the final Flow-Based
Method algorithm will substantially change. The MCE modsdiames, however, that
the Flow-Based Method will be introduced earlier or later.

In our forecasting practice, the MCE model is integrated tocaof models cov-
ering the whole topic of electro-energy industry in Czeclpis#ic and the neighbor-
hood. There are the Model of Central Europe (MCE), Model afjlperiod contracts
in Czech republic (MDK) and the Model of day-ahead market jHEA&ch of the mo-
dels has its special meaning in the forecasting. MCE is ofteewgeographical domain
and hence it has to reduce its granularity of the modeledldetainly the number
of strategic players). Its main mission is to estimate pbtdanternational market
tendencies in the region—it responds the resulting trarsamisees arising from the
auctions for the international power lines and availakdasmission capacities. MCE
has no ambition to model the studied territory preciselys Thinot even possible. The
further models (MDK, HM) take over the results from MCE andelep some further
forecasting details about the region, contracts, pricesiernational transfers. As a
starting point, MCE is of key importance in this respect.

We should also mention our particular motivation and bagkgd for this mode-
ling and forecasting. Under the conditions of the Czech Repuhe MCE model, as
a prediction tool, is practically used for the developmédribng-term balances of elec-
tric power production and consumption in the Czech Republice development of
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long-term balances is done in cooperation with Energy Matkeerator (EMO) who
is by law responsible for these tasks. Activities of EMO adlstlude an organization
of day-ahead electricity market. The most important cingiéeof the Czech national
power system is limited capacities of cross-border exchangplacement and moder-
nization of the power generation base, securing suppligsiofary fuels and meeting
environmental targets in context of the EU emission allavesregislation.

2. Mathematical game modeling

A gamer in strategic form oN players is defined as
r=(QS,%,...,S;U1,Uz,...,UN;C),
where:
() Q={1,2,...,N} is a (finite) set of the players.

(i) §,i € Q are finite sets of (pure) strategies of player$’roduct of strategy sets
makes thegame set of profiles S § x § x ... x §y. Lets= (s1,%,...,)
denote a particulastrategic profile = S. Let S_; denote similarly a subspace of
SwithoutS. S notation will be frequently used to express a context ofi thi
player’s decision situation. Finallg,_; will denote a member d&_;.

(i) U;:S— R,i € Q are utility functions assigning a payoff to each playar each
profile se S In the market games, the payoff means the financial profibhef t
player in the particular profils € S. From the computer science of view, the
utility functionsU; are usually implemented &-dimensional arrays indexed by
strategy profiles € S

(iv) Cis a global context of the game, i.e. set of all informationeyally available to
players C is common knowledge to players).

The strategic profiles" € S consisting of the actionés)ico made by individual
players will be referred as game solution Players want to choose the best response
on their opponent’s possible action. Thaquilibriumis the mutually best response,
which is formally defined in every book of game theory (Myer&904; Bierman and
Fernandez 1998; Osborne and Rubinstein 1994). The literatugame theory intro-
duces various forms of the equilibria concepts. We haveeémphted the correlated
equilibrium (Aumann 1974; Papadimitriou 2005).

In market games, competitive situations are subject of tirggién order to be able
to betterunderstand the behavior of the playénsthe real life or to be able tpredict
the behaviorof real players (producers, traders and consumers). Ttiealriterature
on gaming shows sometimes a certain measure of skepticisat athether the game
theory can be successfully used for the prediction of fufareery interesting experi-
ment is described in Green 2002); in other cases, the ussfulsf the game theory for
predictions is defended (Erev et al. 2002). The game thesamdoubtedly a relatively
successful and useable method. A number of papers (Kwangadd@aldrick 2003;
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Krause et al. 2004; Gountis and Bakirtzis 2004) prove thgihgianalytic models de-
veloping certain game-theoretical principles. As a opjeasi these rather theoretical
papers, our particular paper (and the MCE model behind)amnates to a practical
computer implementation of the theory of game modeling ausibn making.

2.1 Designing a game-theoretic numerical model

When modeling the given strategic situation in form of a gdme(Q; S;U;C) we split
the modeling task and the whole algorithmization to basiz levels (will be refereed
as the game level and the internal model level). This apbraes published in Hrup
and Toufar (2006) and could be also found in Viguier et al0@0

(i) Level of the whole game. We model a gameiven by its set of profile$ and
utility functions{U; }icq. By the game-theoretical analysis, we want to determine
its probable equilibrium point (or points). The analytiegproaches (e.g. equi-
librium determination, analysis of strategy dominancahatgame level are well
described in the literature. Their efficient algorithmicpile@mentation is a sub-
ject of research in computer science (Viguier et al. 2006aKgrHo and Baldrick
2003; Nisan et al. 2007). This paper builds its computingpietogy to the al-
gorithms described in Hrgb(2008). It is highly recommended to readers to get
familiarized with that paper.

(i) Level of a strategic profilss € S of a gamel". Let us define a computer proce-
dure (also called thmternal modelin this paper or an "oracle” in certain game-
theoretical literaturegellModel(s,C), that computes for each profide= S(and a
set of global parametef) the overall process of planning, trading and managing
of the players in the given profiles. The procedure termafieh related utilities
Ui(s) of all the players € Q.

We do not assume that it is possible to formulate analytidai utility functions
Ui : S— R at the game level. It is too complicated from the point of viefvall
technical aspects of the player’s planning, process ofrtgadnd optimization of the
production. This all should be included in the utility fuinet. For this reason, we
prefer to discretize the domain of the strategic problemtarabaluate sequentially all
U; for all s€ S. As a result, we obtain a memory record, ydimensional matrixJ
indexed by the strategic profilss Thus,U;(s) denotes an already enumerated payoff
of the playeii in the profiles, andU (s) denotes aiN-dimensional vector of payoffs of
players 12,... N in the profiles.

From the modeling and software-engineering point of viéng approach is useful
to separate the general game-theoretical principle (evaddtlibrary) and the particular
application part¢eliIMode).

The general game-theoretical principle was described ubjH(2008). This par-
ticular paper develops in detail the mentionettrnal mode| here described in Sec-
tion 3.
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2.2 Design of the game space of profiles

Under real conditions, we often have to make decisions daggumore problems con-
currently or, eventually, to adopt decisions in the contxdther decisions. The con-
dition of another decision problem increases the dimeidityrof the strategy.

In the Cournot or Bertrand oligopoly models, the strategsegarded as price or
guantity. Let us put these dimensions together in the gfi@tiecision making. The
strategys € S of a playeri is then a two-dimensional vecter = (price,amouny,

S = Pricesx Amountg wherePricesis a list of possible prices anrdmountgis a set

of technically possible volumes that can be produced byeplayModeling of multi-
dimensional decisions has already been studied in resétecture, usually within

the framework of model-based predictions (Hyu@007). By choosing a particular
strategys € S, the playeli makes two decisions—he decides the amount to offer and
its price.

Let us call them thenulti-dimensional strategiesf the player is modeled in such
a manner that he has a set@felementary decision-making problems (regarding his
productions, prices, markets, etc.), where each elemeatdr-problerrd‘j € Dj be-
longs to the finite domaibase{dij) = 0 of sub-actions, the set of (multi-dimensional)
strategies§ of a playeri is given as:

S = I'IdijeDiDbasefd}) 1)

Decision-making problemB = [Jicq D; of all players make up factuallyarame-
ters of the internal model, cellModelDecision-making problems belonging to the
subset{d € D;|Dbasé€d)| > 1} are—from the modeling point of viewtnknowns
Problems{d € D;|Dbaséd)| = 1} are for the sake of the better generality and mo-
deling flexibility left as decision-making problems and desd asconstants Player
i having|S| > 1 is astrategic player On the other hand, playémwith § = {§1} is
theparticipating player with constant behavid{.s(:onfiguration of variables and con-
stants in a model is left to the experimenter, who works withrhodel and sets queries
for the model by specifyin@baséd) for individual parameterd € D.

2.3 Solving the game level

Let us have a game = (Q; S U;C), whereQ together with(S )icq are considered to
be the problem specificationt);)icg is unknown in the beginning and is considered
to be a interim result heading towards to equilibrium deteation. We dispose of an
application specific internal modeélIModelable to enumeratd (s) forall s S.

Let as call the equilibrium determinatigpe out of the specified game implemen-
tation based o, (S)icq andcellModelto be amechanismThe basic mechanism is
shown in Algorithm 1. The computer procedwsiModel(s,C) is iteratively invoked
for all profiless € S, so that we collect alll (s). This basic mechanism is hard to com-
pute as the set of profiles may be extremely large. Pragtica$i employ a sequence
of clever heuristics minimizing the number oélIModelinvocations to terminate the
simulation in a reasonable time. This more efficient appniasout of the scope of this
paper and can be seen in Hju2008) and Hruf andCambala (2008).
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Algorithm 1 Basic mechanism of solving the game level
for all se Sdo:

U(s) := cellModels,C)
&g :=CEsolvefQ,SU)

In the final step of the simulation, it is required to intetptee computed equilib-
rium pointssg = (71(s))ses (the semantics of CE is given in Section 2.5). If there is
a profiles € S, such thatri(s) = 1, then the game outcome is a unique equilibrium in
the profiles. Otherwise, following the probability distributiogic we stochastically
choose a single profilge Sthat we be returned as the final result of the prediction.

2.4 Solving the level of internal modekellIModel

Let cellModel(s,C) denotes an application specific model computing the hypictie
situation when the playeiisc Q in the gamd™ play their actionss in the context of
global constant€ = {consj,consg,...}. The internal modetellModelis expected to
return(U;(s))ico. This is a procedure that is invoked iteratively forsd S. The pro-
cedure itself may be of large time complexity, depending on the particular applica-
tion. The time complexity of the whole Algorithm 1 is thé® - tem+ ceComplexitys),
whereceComplexit§S) is a complexity ofCE solveralgorithm. However, complexity
of the equilibria computing is not studied here (see Papitidiom 2005 for the gene-
ral study of its complexity or Hrupand Cambala 2008 for an advanced algorithm of
computing the CE).

We would like to emphasize that tleellModelis not a simplerevenue- costs
function. A practical example of its one particular implertegion is shown in Section
3.3 as a part of the MCE model design. By denotihs) we mean a particular and
already known profit of théth player inse€ S. From the computer science point of
view, U;(s) is a memory record. By denotirngellIModels) we mean an invocation of
some computer procedure which takes some processor tinmedeqal.

2.5 Solving the game equilibrium (CE-Solver)

Correlated equilibrium is computable as a linear programgnii.P) problem where we
maximize the global objective functichin (2) with probability variable$(s))scs sa-
tisfying (3) and (4) to obtain the best solution for all pley&ogether. Pareto optimality
is guarantied by (5). The LP problem is bounded by linear tamgs in (5). Determi-
nation of correlated equilibria may be a large computatipnablem depending on the
size of the gamé . Its exact description is out of scope of this paper. Sotuifyo-
rithms can be found in Papadimitriou (2005), Hyu2008) and Hruf and Cambala
(2008).

maxZ = zsn(s)z(s) (2)

n(s) € (0,1) 3
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Zsrr(s):l (4)
25 m(s) (Vi(s,s-i) —Ui(di,s-i)) >0 VieQ Vs, deS, d#s (5

N
2(9)= 3 Wi ©®)

Z(s) in (6) denotes one complex payoff of all players togethehenstrategy profile
se S These coefficients; are for everyone to tune for his own particular application.
There is absolutely no general recommendation for that.wayy there are generally
three approaches to that; = 1,w; = 1/N, w; are different to each player (for example
to normalize them if they are not similarly strong). We impknt the first option, i.e.
the simple summary of all payoffdi(s). The behavior of players is bounded mostly
by (5) and not by these; coefficients.

Solving the LP problem, we obtain an optimal pofif = (71(S))scs, Z contains
an optimal outcome for all players together. The constsaimt(5) make the players
not to deviate in this mixed profile. The vectgi: is the unique wanted correlated
equilibrium. See Aumann (1974) and Nau, Canovas and Ha2€83) for the deeper
mathematical description of CE. For the purpose of our modethis simplified ex-
planation of the CE is fully sufficient.

In the practical simulation, the game is analyzed and redluseg algorithms de-
scribed in Hruly (2008). The relatively small reduced game is then put @t linear
programming task. The implementation of the above algoritbllowing the method
described in Hrup (2008) is published as an independent tool calltSolverat
CE-Solver (2008). The tool is based on a rather known libcatied GLPK (2008).

2.6 Overall view on the model design

To conclude this introductory section, we recall the maapstof the strategic model
design:

(i) Collect all necessary information which is globally iafor the modeled situa-
tion—game context.

(i) Identify game players and collect their personal teachhdetails regarding their
production or consumption—set of playé&ps

(i) For all playersi € Q, describe their decision problers and complete the game
set of profilesSfrom players’ particular sets of strategigs

(iv) Design the internal modelellModel (s,C) able to compute consequences (pay-
offs) of players’ actiongs)ico € S

The overall architecture of the prediction model arisimanirpreparation steps (i—iv)

and its layout is printed in Figure 1. In the next section, wik discuss deeply the
design of the internal model, i.eellModel
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Players O

/

Context C Strategies S,

NV

cellModel(s,C)

Experimental mechanism

Reduced game

Equilibrium determination

Prediction

Figure 1. Overall architecture of the prediction model

The used methodology, which splits the model design to coimpgame utility
functions and consequent determination of the equilibgoints, allows us to choose
what equilibrium concept we want to implement in the modek, 4k it was already
mentioned, have chosen the correlated equilibrium defigelumann (1974). Obvi-
ously, correlated equilibrium has the same properties &sdrilash equilibrium in the
meaning that, in both sorts of equilibrium, no player camgaore by deviating from
the equilibrium (mixed) profile. The main difference betwedash and Aumann’s
equilibrium must be seen in the way of computing them: Nagiteded a state of pay-
off balance among the players, whereas Aumann defined weaildlyers will never
do—by sets of inequations over probabilities of profiles ip By solving the set of
inequations (which is enormously easy), anyone can obtsubgpace of rational solu-
tions in the game (geometrically a polytope). When having shbspace of reasonable
solutions, the players search the right “synchronizateviak” to help them make their
decisions. As we assume real players in the real world, weattpem to synchronize
themselves using the current state of the situation: theyleach other (their produc-
tion abilities and planned consumption), they observedasieperiods of the modeled
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situation, they know the context of the studied field and theent trends, and they
all expect the whole set of players to maximize the economiadit. Moreover, these
all facts are without any doubt@mmon knowledge the situation and constitute the
wantedsynchronization device

3. Model of Central Europe (MCE)

In this section we would like to present basic features ofntloelel of electricity mar-
kets in Central Europe called Model of Central Europe (MCEg. include MCE to
demonstrate and extend the theoretical methodology ofd®e2t By using the MCE
model, we analyze and predict the electricity trading inglven region, consisting of:

(i) A set of participatingnational power networks-national power networks are
taken for nodes from the network point of view, since we asstinere are no
transport constraints between producers and consumeds ithe network. The
national power network is a market with its own productioading and consump-
tion. There are eight networks in MCE: E.ON (Germany), VEGSe(many), PL
(Poland), SK (Slovakia), CZ (Czech Republic), AT (Austrid)J (Hungary) and
UA (Western Ukraine, which is from the network point of vieanmected to Cen-
tral Europe).

(i) A set of interconnectionsbetween individual networks with the set technical
parameters—transit international power lines. Thesedoterections introduce
constraints established by transmission system operiatorthe trading. Princi-
ples of power network operation also allow the trading betweodes without a
direct interconnection, e.g. PL can supply AT transfertimg supply through the
neighbouring national networks. The topology of the systemm be best seen in
Figure 2.

(iii) A set of producers—a producer may supply his commodities to the national power
networks respecting the international network constsaifior the reason of the
extremely large context of the model, all national prodsa#ra certain country
all aggregated to a single producer representing thatmedtower network. The
producer within a certain countfy thus aggregates all production units of all
national electricity suppliers iffi.

(iv) A setofbuyers—a buyer is allowed make his purchases from producers acaprdi
to network transport capacities. The buyer aggregatestakconsumption in his
network.

Players/producers are described by their production d@gscplayers/buyers by
their domestic demand. These characteristics of playersansidered generally avail-
able within the context of the MCE game (these datacammon knowledg® all
players). It is to some extent doubtful, whether it is coritectake these attributes
for common knowledge among producers and buyers. Our i&sgirlds the conclu-
sion thatproducers are relatively well informed about each othearameters of large
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Figure 2. Topology of the interconnection network in MCE

power generation units are constant in the long term andcettlat are to some ex-
tent public and to some extent available for purchase (UCO®&2 Moreover, power
sector exhibits a long-term continuity with monotonicaiipwing demantiand long-
period operation of the generation sources. Those markitipants that are too small
in the meaning of the whole oligopoly situation cannot beidigiished at the MCE
level; they are not able to affect the price and, anyway, theat attempt to make any
speculative deliberations.

Players/buyers make strategic decisions as well. Let usiomethat any strategic
playeri with the strategy se§ has to be able to compare for s{JLléz €S Whether'é1 is
better thars, or worse or equal. The comparison is possible only usingepiswatility
function related to the strategies (cardinal utility). [wat reason, we have to evaluate
a financial benefit resulting from a given purchase contract.

MCE model contains a model of shares of individual consuragegories in the
modeled countries € T—industryw,(t), service sectows(t) and householde(t),
thatw,(t) +ws(t) +wp(t) = 1 holdsvt € T. For each category, the model evaluates the
value added associated with the purchase and consequeningption of 1 MWh.

3.1 Traded commodities within the MCE model

MCE introduces two categories of traded commodities: ydaake load/supply (YB,

constant supply/load during all the 8760-8784 hours of #er)yand monthly base
load/supply (MB, constant supply/load in all hours of a jgaitr month). There are in
total 13 commodities, corresponding to one yearly comnyaalitd 12 monthly com-

modities. We assume that each commodity has a differerg ptieach national market.
Power consumption, availability of sources and weatheditmms (temperature, wa-
ter, wind) exhibit considerable variations during the odir year. This brings about
considerable fluctuations in both nationally and inteaily traded volumes and

2 The situation with the general demand of electricity is cuifgeunstable due to the fact of overall economic
decrease, but that is not the issue of long-term forecastsemve assume almost predictable trends in
production and consumption.
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prices. Of significant importance will be the impact of erussallowances accord-
ing to the EU regulation, which is also included in the MCE mlodThe effect of
emission allowances on the price of electricity in EU is, bwer, an entirely separate
phenomenon and is not studied in this paper.

The character of traded commodities (primarily of transpapacities) entails that
year band contracts are traded first and monthly contraetsaded only after that. Let
us recall that this situation leads to multi-dimensionalisiens as the player makes his
decision about YB with the outlook for the next 12 decisiobewt MB and looks for
the optimum of all 13 commaodities.

3.2 Decision-making problems of players in the MCE model

Let us define the MCE model more formally. The MCE model is afigomation of
these four main attributes:

() Let T = {CZ, SK, PL, AT, HU, VET, EON, UA is a set of national power net-
works,

(i) P={pk}ket is a set of producers and

(iii) B = {by}ker is a set of buyersP together withB define the set of game strategic
playersQ = PUB.

(iv) Finally, functionHome: Q — T assigns a domestic network to each playeQ.

Let us assume that each producerP disposes some available production capa-
city, described by a sequence of 12 values of monthly aveilatwer outputdM p; =
(ml,...,m,). The minimum of this sequenc¥,Bp = min(Mp;), gives the avail-
able power output of the producer for the sale of commodity. ¥Ban analogous
manner, we describe a buyiee B by a sequence of his 12 monthly demaidls; =
(m),...,m,) and by his yearly constant dema¥®h = min(Mb;). When referring
to a yearly band game, we mean such a game where producertoveafittheir com-
modity up to the volum& By and buyers wish to buy up to the volurv@&h.

The sequencém, —YBp,...,m),— Y Bp) gives the player’s available production
(demanded consumption) in particular months. Clearlypthger does not have to sell
(buy) all hisY B (Y Bh). The producer (the buyer) has to make a decision regarding
his level 0< YB < YBp of the contracted amount in year base load; the(ne@t—
YB,..., rni12 —YB) is left for the further month trading (the MB commodities).

The decision process in the YB part is fundamentally equéhéoMB part. Re-
spectively, the YB part contains twelve similar sub-ganmedwelve MB contracts of
the same structure as the YB contracts. In the MB decisioringakhe player again
decides his portion to sell home, to export, to keep in resefe present the method-
ology, we will concentrate on the strategically most impattcommodity, which is
the yearly base load (YB). The Figure 3 shows a typical de@sitipn of the produc-
tion available capacity (or scheduled consumption, i.e démand) to its YB part and
twelve MB parts.
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Figure 3. Decomposition of production or demand to its YB and MB parts

3.2.1 Decision-making problems of producers

Within the framework of theyearly basestrategic commaodity, producéshall adopt
the multi-dimensionalstrategic decision about (havingBp [MW] of the available
production capacity):

(i) Base priceClz [€/MW] of the yearly band The producer will regard this price

(ii)

as the minimum price at which he could sell the yearly bandwtmaarket. This
price allows to estimate his anticipated financial profit p&dWh of YB, which

he requires. If we strictly assume one producer per powsvar&tk in the basic
variant, then we can defir@,, . .as the prevailing price in the network concerned.
Formally,Cf,ne:= Cyg P € P such thaHomep) = k.

Volume OR, g [MW] offered at the domestic marketome(i) for priceCl, .

(i) Neighboring markets to which the producewill export his production. This

decision can be broken down to three subdecisions. Fiesfpribducer must de-
cide about theotal volume Oc-!](B [MW] of production for export . Second, he

decides about the volume of the commodity he wants to offemah particular

foreign power market (i.e. national power network). Thiid,decides about a bid
for the auction for transport capacities.

3 We should distinguish between a payment for a produced/coedii MWh and contracted price for 1
MW of the yearly continuous supply of the commodity. The cosa &MW of the YB commodity may be
for example€60 and the buyer pays 60 times number of hours in the year (87808%), i.e. 525,600 or
527,040 EUR.
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Hence, producetiss P with Homei) # k where the pric€, > Cl g will deliver
their commodity to network& € T at priceCK,,«€1. This is due to the fact
that a player participates in an auction for transport gafilly after the contract
with buyerb with Homé&b) = k is negotiated. Therefore, we do not assume, that
the price requested by the producer should intentionallsidgpaificantly different
from priceCK e

(iv) Offering his capacity as a positive spinning rese@é,B [MW]. The spinning
reserve market is not studied in this paper. The amoufirpf; is included only
for the production balancing reasons.

(v) Reservationof a part of the productio®m, 3 [MW] for monthly commodity
markets. The producer decides about to sell his YB prodaatapacity as YB
commodity or to split that to 12 MB contracts for probablyteeprice.

(vi) Cancelingthe productio@ri'YB [MW] altogether and acquisition of the associated
profit from cancelled production instead (sale of emissilbowances). Such a
situation is strategically complex and it is not studiedeher

Apparently, a producer wishes to sell all his yearly available production capacity
Y Bp, hence _ ' ' ' '
YBp = OR, g+ Od/g+Oryg+Omyg+On, g
Each producermust, therefore, make his own decision about the breakd®Wwis o

total yearly available production capaciyBp into the components described above,
including their prices. Finally, the multi-dimensionalrpustrategy of producers is a

vector: . ) . . )
gp = (CIYBaOHYBvod{Baorﬁ{B) (7)

For the purpose of simplicity, we omit its pamw{(B and Or’d'YB. To specify the
domains of its internal partﬁ:{,B: (0, priceMaX (wherepriceMaxis the maximum
reasonable price in this sort of industr@i, g, Od, g, O,z € (0,Y Bp) are amount of
production expressed in MW (8) or in percentage &p (9) which is preferred in the
following case study. We would like to emphasize, that tte peice of a commodity
is always bounded somehow, hence the model may work in tleeetized and final
set of profiles. _ . .

ONyg+Od/g+O0mg=YBp [MW] (8)

OR, g+ Od, g+ O,z = 100% [YBp] )

3.2.2 Decision-making problems of buyers

Buyeri specifies his elasticity curve and his plan of purchases tmraset his demand
and to minimize his spending. He makes a strategic decisibtmwahat part he will buy
as the yearly band contract and what part he will buy in 12rs¢@anonthly contracts.
The month-specific demand is dealt with in the relevant nanth

The yearly band YB is the strategically most interestingnitagain, where the
buyeri must decide about (having Y88k demand):
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(i) Reference priceCﬁef [€/MW] of electricity in his home network. This is the
price at which he would like to buy all his dema¥idh. As an example, we may
take the prevailing price from the previous year (priceshia discussed market
grow monotonically in the last 10 years).

(i) Maximum price C' ., [E/MW] in his network. The buyei will certainly not
buy any volume at prices exceediﬁ)ﬁm Energy markets are to some extent
under the supervision of national regulatory authoritied the priceCl,,,, can be
best understood as that price when the regulatory authawitid intervene in an
otherwise free competition.

(iii) Volume ObL(B [MW], which he would like buy within the YB framework, &
o, 5 <YBHh.

(iv) Reservation of a part of the consumpti@mi{B [MW] for monthly commodity
markets. The buyer may assume that he would done better whiehgsing his
YB demand as 12 MB contracts (e.g. each supplied by a diffgmexaucer).

(v) Volume of positive spinning reser\@r{(B [MW] which he wants to buy. Again,
the spinning reserve market is not under study here.

(vi) Elasticity coefficient & [MW/<€] expressing the decreasing interest of the buyer
in the commaodity with increasing commodity price. See Fggbrto have an
example of buyer’s response to the demanded price.

Finally, the multi-dimensional pure strategy of buyers igeator (10). We under-
standOm, g to be a complement t¥Bh. Let us express the volumes (11) and (12)
similarly as in the producer’s case.

% = (Cinax Cret- &, Ob g) (10)
Ol g+On,g=YBh (11)
Obl, g+ Om, ;= 100% [Y Bh)] (12)

The pure game-theorists might argue against the concepassf price, reference
price and maximum price saying that these prices should lesatrof the game-
theoretical modeling and reasoning, and not its parametéfs, however, look for
some equilibrium point of the overall agreement among alltlayers (correlated equi-
librium in MCE case) in some particular finite set of profilebese the prices are its
important part.

3.3 Design of the internal modekellModel g

As we have already mentioned, tbellModelis a procedure (also referred as an "or-
acle™) computing the utilityJ (s) of all players when playing the profiee Sand a
global contexC. MathematicallycellModelis a function

cellModel(s,C) : Sx C — RN

46 AUCO Czech Economic Review, vol. 4, no. 1



Game-Theoretic Modeling of Electricity Markets in Central Europe

From the modeling point of viewgellModelmodels what all would happen if the
playersi € Q would plays in context ofC in the reality. The context is the global
state of the system unchangeable during the game (e.g.ofttie transmission ca-
pacities, legislation). Let us remind that the strategiese multi-dimensional, of the
form (7) for the producer and (10) for the buyers. Moreoves,would like to remind
that we assume the all contents of ttelModel g including all information to be a
common knowledg® all players.

At the top level, thecellModel g (s,C) is a sequence of these following main ac-
tions (phases):

(i) Offer/Prepare. Players/producers make their bids to the markets regateir
strategys, i.e. they offerOh, g, Od, 5, O, 5. The players/buyers announce their
demand regarding their strategy i.e. Obl, g and their reference and maximum

. . | i
price, i.e.Clgs, Chax

(i) Trading. The markets (players/buyers) selects some bids to actapy: verify
the contracts.

(i) Production. The players/producers receive an information about tleeed
bids and optimize their production plants to produce thdreated YB volume of
electricity.

(iv) MB contracts. The players (producers and buyers) play twelve similaregm
nested to this YB game, to contract the twelve MB commodities

(v) Conclusion The players enumerate their final financial profit made insthea-
tion of the profiles. The profit also includes the profit made in MB nested games
(or other business done—sold emission allowances, spimasggve, etc.).

Now, let us describe the actions in details. Let a bid is acttireBid = (tt,1;, a0, av,
as, price,tax), wheret; is a network of origint; network of destination and,t; € T;
a, is an amount offereda, amount verifiedas amount sold. Theprice denotes the
demanded cost of the commaodity atak the fee which the player agrees to pay for
the unit of transmission capacity (international powees$in The fe¢axis de facto the
player’s bid in the FB auction. Clearligx= 0 if ty =t; (player is selling to his home
network) andax > 0 should hold otherwis®.

The following sections assumes that all mentioned corst@nvariables are ex-
pressed in the context of a particular strategic prfileS whencellModel (s) is in-
voked.

3.3.1 Offer/Prepare phase

The buyeri will announce his will to buy up talemanomgi) = OU'YB [MW] in the
framework of the YB commaodity.

4 Charging for the transmission is great problem new in disonssetween producers and Transmission
System Operators (TSO): producers claim tta¢is supposed to have an regulatory purpose and TSOs
should not make profit in the FB auction. Anyway, we strictlgametax to be non-zero.
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The producer puts his bid

hbid = (Homei),Homgi), Oh, 5, O, 5,0,Cl g, 0)

to his domestic market. We assume that the major portioneoftimsumption in each
country is covered by the domestic producer. The productecﬁ'gor:q' QB.

LetK; C T is a set of countries, whekék € K; : CK . > Cl 5. The producer wants
to export to these countries (ffi#'ﬁome 1 price). To complete this exporting subdeci-
sion, the producer has to decide the break- dow@a!}fB amount of the commodity to
these countries, as we assume fhat, demang > O€, z and the network constraints
will not allow him to export all hisO€, g to a single countrk € K; (e.g. with the high-
est prlcecﬁomeor shortage of suppIy')hYB<< demang, wherej € P, Homd j) = k).
Setting the auction bids (the price of the transportatiqracdy) is the second part of
that sub-decision.

The behavior of producers in the flow-based multi-objecttiancis a topic for
another journal paper. Mostly, the players are risk-avéifsishna 2002) in the long-
period contracts (they made the supply contracts and nqv\smaaously need to obtain
a transmission permission to deliver the supply), hencghittax = Chome Clg—1
as the maximum they can afford to pay.

Finally, the producers put their exporting bids

ebids = {(Homsi), kvalc()’ 0, Ovcll’l(ome* 1vci|‘|(omefci(8* 1)k e Ki},
such that for the particular shares of the exporting amcduoits

S af =06/
keKi
Let
bids = {hbid } Uebids

are the total bids of the producer-playesent to the marketSHomdi)} UK;. The set
of overall bids is then:
Bids= ] bids

icP
3.3.2 Auction for the international transmission capacity(Flow-Based Method)

As we already mentioned, the international trade is comstdawith a limited trans-
mission capacity over the national networks. To select agdlate those producers
allowed to transmit, various sorts of auctions are orgahimeTSOs. As the electricity
business is getting more and more international, the angtiwe getting centralized
and covering a larger geographical area (e.g. Central Euidprth Europe—Nordpool,
etc.). FB auction legislation is currently in development gossibly being imple-
mented, no matter the protests of various producers invedotountries.
The MCE model implements the Flow-Based Method (FB auciiottje following

manner: Those wishing to use cross-border capacities lacatdd available capacity
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using an algorithm that brings maximum benefit to the consorof operators. For
practical purposes, this means that the impact of each gthinading event is evaluated
on the basis of pre-calculated distribution coefficientsdalled PTDF coefficients,
Power Transfer Distribution Factor, see Vukasovic and &iawlR007). After that, a
combination of mutual transactions is selected in such aerahat it brings maximum
profit to the operator (here, “operator” denotes CentrabRean power systems as a
whole) and at the same time considers capacity constrairteoes-border profiles.
For this purpose, linear optimization is used.

Let Bidsg = {b € Bidgts # t;} are the bids intended for export and hence they
must be selected by the FB auction. Because of physical lawkectricity flows in
circuits, each contradi € Bids=g supplyinga, MW from ts to t; is physically spread
over the whole network (see Figure 2). The physical eldéttritows (including their
orientation) are demonstrated on an example of transtet®® MW from CZ to E.ON
(see Table 1). Positive number in a cell (from/to) gives thmhber of megawatts flow-
ing in this direction (the negative number indicates a re@dlow and thus an increase
of the available capacity in the reverse direction). The plete state of the trans-
mission system is computed as a superposition of all indalidontracts. However,
Y Bidg-5 @0 Would probably exceed the technical capacity of the tragsion system
and thus it is required to allow only some contracting bidsdaealized.

Table 1. Example of the PTDF coefficient for from CZ to E.ON transmission

from/to Ccz SK PL AT HU VE-T EON UA Outside

Cz —100.0 9.2 145 16.6 31.9 27.8 G 0
SK -9.0 0 1.8 0 6.2 0 0 1.0 0
PL -142 -18 0 0 0 16.0 0 0 0
AT -16.1 0 0 0 0.4 0 141 0 1.7
HU 0 —-6.1 0 -0.4 0 0 0 0 6.5
VE-T -30.9 0 —16.0 0 0 0 47.0 0 0
E.ON —26.9 0 0 -13.9 0 —46.2 100.0 0 —13.0
UA 0 -1.0 0 0 0 0 0 0 1.0
Outside 0 0 0 —-20 -76 0 108 -1.2 0

LetLinksC T x T is a set of real existing interconnection lines between thae
tries. Linksis a symmetric relation. See Figure 2 for its content.) Eauh(f,t) €
Linksis given some decided capacity, i.e. there exist a func@iap(Links) — R as-
signing an available capacifiyW] to each line. The important fact is tHaap(f,t) is
generally different t@€€ap(t, f) due to the technical aspects of the whole network. The
functionCapis set as an agreement among all cooperating national tissism sys-
tem operatorsCapis a common knowledge to all players. By using a certain dapac
cof aline(f,t), we increase the available capacity(tff) with extrac.

In the FB auction, the total revenue (in each hour 1 ... 87884&f the year) of
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the auctioneer is maximized:

maxZ = ab-tax (13)
beBidsp
The optimization process called the Flow-base method ispoted as a linear pro-
gramming task with an objective function (13), with LP véiies { a0 }hepidss (@5 is a
variable associated with the bliide Bids=g):

Vb € Bids- : & € (0,a)
and the constraints:
Y(f,t) € Links: gj al-PTDR, 4 (f,t) <Cap(f,t)
be

PTDF ; is a PTDF-matrix modeling the flows frofne T tot € T through the Central
European network. It also means tRatDF ; is required for all(f,t) e T x T.

The flow-based auction mechanism terminates with varigla,gids-, contain-
ing the amount of the commaodity allowed to be exported ftpmetwork tot; network.
The revenue of the auctioneer is maximized in (13). Curyetttere is a discussion
between the government institutions responsible for tlkeetetity network and the
traders whether the criteria in (13) are fair or not. Therakléve objective function
shown in (14) maximizes the overall trade among the natioe&Vorks (this, however,
would not motivate the players to bid their true value). $tnd the possible auction
mechanisms for this problem would be a topic for another pape

z= ay (14)
beB%s:B

The overall flow of bids processing is displayed in Figure 4.
Exporting
bIdS

Figure 4. Flow of bids during the Prepare, FB auction and Trading phase

Verified
bids

3.3.3 Trading phase

Let Offers = {b € BidgHom€i) = t; Aa, > O} is a sorted list of bids received by the
buyeri € B. The buyer sorts them ascendantly jyce and buys up to his demand
OM, 5 (see Figure 5).

At the end Bidsare transformed to a list of bids wheage (0,a,) shows the sold
amount within the offered bids. Thus < a, < a4 holds for allb € Bids The decrease
ay < @ is caused by the FB auction, the decreas€ ay by the buyer.

Let us remind that producers export to countkiesT for CK,,..— 1 price to ensure
that their bids will be accepted by buyers.
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Figure 5. Elastic demand witlt,; = 50 [€/MW] and Ciy,,, = 80 [€/MW] together with the
supply curve (sorted list of bids)

3.3.4 Production phase
Let
Contracts = {b € BidgHom€i) =ts Aas > 0} (15)

is a list of accepted contracts of the producerP. The produceip has to arrange
his production scheme to fulfill the contracted amount in) (b6the YB commodity
supply.

The producer dispose of a set of production sources (power plamts){ril, r‘z, o
We define these following attributes for the &gt

() Installed capacitycap(R) — R [MW]

(i) Available (disponible) capacithcapR,M) — R [MW] fluctuating during the
monthsM = {1,...,12}

(iii) Production cosProddR;) — R [€/MWh]
(iv) Fixed costFixc(R) — R [€/MWh]

Icap, ProdcandFixc remain constant during the year. JAsapfluctuates during
the months, mostly for scheduled repairs and season rea3tesconstantyh and
mh(M) denotes the length of a year in hours (8760-8784 hours) andetigth of
monthsme M in hoursM = {1,...,12}.

Sold= Y & (16)
beContracts
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FixedCosts=yh- § Fixc(r)-lcap(r) 17
re

Revenugs= yh- z (price—tax) - as (18)
beContracts

ProductionCosts= % ZMVrmProdo(r)mh(m) (19)
rery me

ProfitProducer = Revenugs- FixedCosts— ProductionCosts (20)

The producer has to pay his fixed costs (17) during the year. His produatast
(19) is based on his contracted sells (16) with the outcorig (The production cost
(19) is minimized in another LP task with variables (21) aodstraints (22). Other
constraints regarding the production (emission limitg| fimits, special characteris-
tics of particular sources, etc.) can be added as well.

Vr e R,Yme M : vy, € (0,Acapr,m)) (21)
vmeM: ¥ Vi, = Sold (22)

rekrj
The buyer’s payoff is made by his added value (revenues) sninsts of the pur-
chase. Let us consider the following equations (23)—(2He doefficientsAV,, A,
AV; denote the value adde&[MWh] with every IMWh consumed in the industry,
households and services. Their particular values are senbsxpert operating the
model.
BContracts= {b € BidgHom¢gi) =t; A as > 0} (23)

Purchasegd= z as (24)
beBContracts

CostPurchase= yh- Z as- price (25)
beBContracts

AddedValug= yh- Purchaseg (Wn(i)AVi + W (i) AV, + ws(i ) AVs) (26)
ProfitBuyef = AddedValug— CostPurchase 27)

3.3.5 MB phase

The game for YB includes 12 nested games on trading with M&yétk/producers in
each montiz offer volumesm, + O,z + Res} g, whereRes}, ; = ON, g+ O€, 5 — Sold
is the unsold part of their yearly production band.

In an analogous manner, the same applies for buyers exiglitidemand. The
game for MB corresponds basically to that for YB with the eliéince that buyers are
assumed to have a stronger interest to buy than in case of ¥ Bldbs not apply his
elasticity coefficient in MB).

In the MB phase, the computing process described above éateg twelve times
to compute the players domestic contracts, export etc. eliseno fundamental dif-
ference tacellModel g processing, except the demand curve which is flat—the buyers
purchase almost for any price.
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profitMB = z cellModejg(s,CU{m})

3.3.6 Conclusion phase

Players/producers compute their financial profit achiemedB trading together with
twelve MB contracts (and possibly others, if implemente@uyers compute their
financial profit from the realized purchase.
The internal modetellModel (s,C) has been semi-formally described. When in-
voked, it passes the phases 1-5 and terminates with godfiis= (U;(s) )icq Where:
Ui(s) = {Erof!tProducerrofltMB | cP 28)
rofitBuyer + profitMB; ieB

3.4 Simulation run

The MCE model, or any similar to that, consists of its main elquirt (players, strate-
gies, game rules) and its internal model patiModel(see Section 3.3). We briefly
described both modeling parts. They are put together in ther&hm 1.

In the simulation, the players make their decisions fronr #teategy set§ through
the game analysis of utilitiddj(s) computed bycellModelfor eachs € S.

4. Implementation of the simulation experiment (a case stug)

In this chapter we would like to present the region modeles (Sigure 6), market
players, implementation procedure and results of the legieriment carried out with
the model for the year 2009. In this way we predict the futuegesof the electric
power system in the Central European region (with the maiphasis on the Czech
power system) in the horizon of 1-10 years.

We start with our own estimates of power demand, power génaravailability
and conditions of the power network, which we compare withastimates from other
sources (e.g. UCTE System Adequacy Forecast 2007). As dapatare just estimates
and the calculation is just a model, the results my depant ttee real situation.

4.1 Players in the MCE model

Each country is represented by two players; the first playehé aggregate power
producer for the given country, the second player is the eggge buyer. German
power system is an exception; for simulation purposes,syssem is divided in two
separate regions with working names VE-T and E.ON (see €iurThis figure also
shows transmission capacities for winter 2008—2009.

The model thus includes 16 players, each with his own ind&idtrategy of beha-
vior. The simulation experiment is expected to result indbermination of the strate-
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Figure 6. Model of Central European region

gic behavior of power producers and buyers in the yearly (&) monthly (MB) base
load commodities.

4.1.1 Power producers and installed power generation capdies in individual
power systems

The game entirely excludes power sources whose offers arkedslative reasons
always accepted (hydro, wind and photovoltaics). Theidpobtion will be subtracted
both on the production and purchase side. Power sourcegjtpéit in the competition
(fossil and nuclear fuel, biomass) are described by a nurobparameters. They
include netinstalled capacity, consumption of auxiligyfilure rate, planned outages,
type and price of fuel, specific fuel consumption, fixed castd type of operation
(must-run, non-constrained, standing reserves). Eaglepgaportfolio may contain
separately modeled power units (each model unit corresporaireal generating unit),
units modeled by groups (each model unit corresponds to ggeegate power plant)
and virtual units (each model unit aggregates several pplesits with total power
output lower than 50 MW).

An example of a summary table of power sources owned by iddali players
participating in the model is given in Table 2. It is not padsito display the whole
database of the sources, we provide just a summarization.

4.1.2 Buyers and consumption

In accordance with the concept of buyers as players, eaclempsystem is on the
buyer’s side represented by a single buyer only. The referealue of the demand
for electricity, which each player wishes to satisfy, isetgtined from the predicted
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Table 2. Power sources by players in 2009

Power system

Installed capacity [MW]

Number of sources

Gross Net Individual  Group  Virtual

Cz 15312 14093 79 24 7
SK 3656 3399 28 - 1

PL 34534 31039 2497 - 25

AT 5896 5605 57 - -
HU 8300 7846 95 - 2
VE-T 15363 14051 82 18 5
E.ON 79196 72553 285 39 5

evolution of macroeconomics data for all economic sectdhe basic break-down of
the power demand estimate for the year 2009 is given in Tablé& complete demand
for YB and MB commodities is given in Table 4.

We should emphasize that we do not model the demand itsef.d€mand is an
input for our forecasts and comes from other models.

Table 3. Estimated consumption of electricity in 2009 [TWh]

Power system Industry and services Households Powerlosses  Total
CzZ 46.7 15.2 54 67.3
SK 21.1 6.8 2.4 30.2
PL 96.1 24.0 15.0. 135.2
AT 48.5 16.9 3.6 69.0
HU 29.1 11.7 3.8 445
VE-T 50.0 17.8 35 71.2
E.ON 355.0 126.4 24.S 506.4
Table 4. Demand for yearly and monthly bands [MW]
Commodity CZ SK PL AT HU VE-T E.ON
YB 7086 2545 16351 4376 5109 9044 60752
MB 1 2116 1448 4718 3850 801 162 4673
MB 2 2370 977 2835 3058 443 771 4338
MB 3 1774 659 2046 2088 308 113 610
MB 12 2564 1308 3777 3611 415 33 3944
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4.2 Strategies of players

An important feature of each player-producer in simulatialtulations is his decision-
making strategy regarding the price and volume of powereffat domestic markets,
power offered for export and the offer of power reserves.asecof power purchasing
players (buyers), the main components of the strategy &edhume of purchased
electricity, a proper choice of the reference price of eleity and an optimally set
elasticity of power demand. The componedjts(see Section 2.2) of the strategy may
be entered as a fixed value (e.g. =100) or as an interval wiiftabde step (e.g. 50:70:2

in form min: max ste pwhich gives a semin, min+step...,min+x-step< max The
complete strategy set of the playieis then generated as (1). Examples of strategy
configuration files both for producers and buyers are givehenTables 5 and 6.

Table 5. Producer strategy configuration file

|

Power system [ €?I\\;I‘\3N] _ % of Y_Bp :

ORyg Od/g Onlg
Ccz 50:70:2 80:100:5 0:20:5 0:10:5
SK 55:75:2 100 0 0
PL 45:65:2 80:100:5 0:20:5 0:10:5
AT 55:75:2 100 0 0
HU 60:80:2 100 0 0
VE-T 50:70:2 80:100:2 0:10:2 0:10:2
E.ON 50:70:2 80:100:2 0:10:2 0:10:2
UA 30:50:5 0:50:10 50:100:10 0

Table 6. Buyer strategy configuration file

1 | 1
Power system Crmax Cre 5 Obyg
[EMW]  [€EMW]  [MW/E€]  [%]
Cz 80 53 170 100
SK 85 61 45 100
PL 70 50 550 100
AT 85 59 200 100
HU 90 68 150 100
VE-T 85 59 180 100
E.ON 85 59 2000 100
UA 45 40 100 100

To keep this case study rather simple, we let the buyers tonheparticipating
players with constant behavior (i.e. thE&s| = 1). Let us note that some of the players
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(SK, AT, HU) will not export, thus we do not enter the expogtistrategies for them
(they setOH, ; = 100%Y Bp).

The configuration of strategies of the players gives the §atbf profiles with total
size approximately .2- 10'° of strategy profiles. Sizes of elementary strategy sets are
shown in Table 7.

Table 7. Number of strategies of the players

Role/network CZ SK PL AT HU VE-T EON UA

Producer 165 11 165 11 11 561 561 105
Buyer 1 1 1 1 1 1 1 1

4.3 Results attained in simulations

All inputs were entered and the MCE model terminates in ailiegum point giving
the following results. The experiment was computed usingraputer with 8 x CPU
Intel Xeon 2.66 GHz and 16 GB RAM. It took approximately 17 ois to obtain the
simulation result (see Hrgt2008, for a technical description of the algorithms sajvin
game reduction and CE determination).

Technically, the simulation of game = (Q = PUB; (S )icq; (Ui)icq;C), where
Ui(s) = cellModel(s,C) ¥Ys € Sand game context, reduces the ganfeto its strategic
equivalentl™ = (Q;(§)icq; (U] )icq;C) (I'" is best-response equivalent [ where
IS | < |S—see Hruly (2008) for more detail on its algorithmic implementatiGidOS
reduction method). Finally, an equilibrium poigit: predicting the players’ probable
behavior in form of correlated equilibrium is determinednhgsCE-Solver algorithm,
also in Hruly (2008).

Let us remind thagg = (S)icq contains the decisions of players Q (see (7)
and (10) to get their data structure). Statistics preseintétk resulting tables are the
computational outputs afellModel

4.3.1 Results of simulations of yearly band trading

Final prices of electricity in the yearly band in individuadwer systems, resulting
from simulation calculations, are shown in Table 9. Theyeagelatively well with
the results of power trading at power exchanges for the y@@9,2vhich are already
available. Meeting the demand (Table 4) commercially is@nted in Table 8. The
table clearly shows the impact of demand elasticity on comialesupplies needed
to meet yearly band. The volume of the purchased yearly bmathiays lower than
the volume demanded at the reference price (see Table 8hetatme time, the table
clearly shows how the electricity not purchased within tearly band framework is
spread to individual months.
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Table 8. Purchased volume in power systems [MW] for yearly and monthly bands

Commodity CZ SK PL AT HU VE-T E.ON
YB 6576 2056 16351 3176 4659 8684 51778
MB 1 2626 1111 4718 2107 1251 522 13647
MB 2 2880 856 2835 2002 893 1131 13312
MB 3 2284 835 2046 2274 758 473 9584
MB 12 3074 1340 3777 3305 865 393 12918

Table 9. Final prices of electricity in yearly and monthly ban&& W]

Commaodity Ccz SK PL AT HU VE-T E.ON

YB 56 65 53 65 71 61 63
MB 1 63 67 64 75 73 53 55
MB 2 64 75 52 73 70 59 56
MB 3 57 71 46 68 71 57 57
MB 12 59 62 57 72 70 53 56

4.3.2 Results of simulations of monthly band trading

A brief overview of monthly results is shown in Tables 8 and I8. the course of
simulation, monthly demand has been increased by that p#aneademand that has
not been met in yearly contracts. Demand elasticity is ncenconsidered in monthly
trading. Demanded electricity is in most months traded Ih fdowever, the buyers
do not always contract their whole demand. Failure to coventily demand in full
in some power systems (primarily Slovakia and Austria) is thuthe lack of internal
ability of these power systems to cover domestic load by Iseppfyrom domestic power
sources. This failure also reflects drawbacks of the FloseBaViethod, because its
application means that the available capacity of certainszborder profiles is quickly
exhausted and thus other needed trades are blocked.

Other simulation outputs, e.g. business and physical fltwesconsumption, sche-
duling of power sources, balances in individual power systetraded volumes and
prices of emission allowances, business results of powstygers etc., are deducted
from the game equilibrium. These secondary outputs arelLfgefa wide spectrum of
analyzes of any possible kind.
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5. Conclusion

We presented a methodology for the modeling of electriciarkats using the tools
of the mathematical game theory. We described the comptetsegs of prediction
model development from initial specifications up to the firglult interpretation. The
methodology makes a very general framework applicabldyeimssimilar modeling
projects. From the algorithmic game-theoretical pointiefw the paper develops and
extends two rather new concepts.

Two-level architecturef a strategic decision model. This approach allows the de-
composition of the whole problem to a pair of a relatively gieh experimental mecha-
nism and an application specific sub-model, called thernadenodel ¢ellMode) here.
The experimental mechanism defines the way of computingaimplete strategic state
space (set of profiles) as well as the way of analyzing it withdim to find its equi-
librium point. This method is well suitable for the compupgocessing. We can find
it in MCE model as a basic concept. Technical (algorithmppraaches to implement
such an experimental mechanism were published in 1(R2008) and recalled here.

Modeling ofstructured (multi-dimensional) decisiarReal-life decision situations
are full of decision alternatives and their transformatiora computer model might
be rather difficult. Presented methodology simplifies tledficient implementation
in a computer model. Structured decision making was demetestin MCE, where
the player-producer thinks about breaking down his pradoctapacity to various
commodities and markets.

The main core of the paper is concentrated to a rather detsgkipption of our MCE
model, which consists of the game design, its strategy sfaee, internal model and
the equilibria concept. This part is considered to be thearoantribution of the paper.

Finally, the functionality of the model was shown on an exbngh the analysis for
the year 2009. This example included realistic input dataawer demand, availability
of power sources and conditions of the international trassion network.
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